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This investigaticon is a etudy of the characteristics of the gue 
face wave generated by - submerged hydrofoil, 

The experinentation is conducted on essentialiy 6 two=iimenslonal 
basis. Measurewents were taken along the centerline of a cireulating 
water channel, The wave generator is an infinite aspecteratio foil 
of NACA Lid2 designstion. Generated under controlled eonditims of 
hydrofoil angle of attack, depth of submergence, and streu velocity, 
the wave is defined by measurements of basic dimensions such as am 
plitude and wave length. 

Results ebtained are: 


| 2 
1, ABA as predicted by theory. 
& 


2. Curves oxpressing the relationship: amplitude versus 
angle of attack, submergence and velocity. 


It ia concluded that deep water waves can be aimulate] in a cir 
culating water channel. An extension of tae range of this type of 
experimautation can lead to a complete solution to tne characteristics 


oi surface waves generated by a submerged hydrofoil. 
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Depth of the stream in the flume. 


Depte of submersion of the hyfreficzil, 
reesure from the gurfec to the tie of the leading edge. 


Froude no. of the flim ia. 

Froude no. of the hywrefoil fet, 
Manometer hea? (feut) 

Width of Tlume. 

Flow rate of the flume (cubic feet/cecund). 
Telocity of flew (feet/seeond) . 

Angle of attack ci me foil. 

fave-length. 


Jorizental distance from thie hydrofoil leading wdge to the 
first weve hollow, 


Horiaontal diatanuce from the hydreioii leading edge to the 
first wave crest. 


The vertical distance vetween the undisturbed stream suriace 
am the first wave hollow, 


The verticel distence from trae wriieturbed strean swrlace 
to tow peak of the weve formed above the front of the 
foil (when occurriny). 
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The use of hydrofoils attached to the hull of a suriace vessel 
is not a new idea. Their appdicetion has been attemcpted in many 
ways, In the letter part of the last century, Alexander Craham 
Bell designed a small high=speed crait eguipped wita foils waich 
attained remarkable speeds for toe power then installed. During 
World War I, the British Admiralty investigated the possibility 
of using foils on ships with the idea of litting a snip bodily 
out of the water to reduce its sueceptibility to torvedo attack, 
but investigations were abandoned without conclusive results. 

The Denny=Browm Stabilizer, which war first introduced com= 
mercially in the 1920s, represents a successful applicction of 
hydrofoils on surface vessels. The stabilizer consists of a 
hydrofoil located on each side of a vessel's hull at the turn of 
the bilge. The hydrefoils are actuated by machinery within the 
ship which causes them to rotate to counteract and reduce the roll 
oi the vessel in a seaway. 

Yor the past fifteen vears hydrofcils for use on nigh=speed 
surface craft have become increasingly popular, However, their 
use has been restricted to very small highespeed craft whose dise 
placement is small enough to permit the foils to lift the craft 
out of the water. Witn the exception of the Nemny<Bromn Stabili-= 
zers, no real attempt has ceen made to apply hydrcfoils to Larre 
ships. 


The attachment of hy?rofcils to a ship's hull for tne purpose 
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of reducing wave resistance is a comparatively new idea. Ina 
recent paper, read before the 1953 seeting of the Society of aval 
Architects and Marine Imgineers, Professor Mk. A. Abkowita of moI.T. 
presented his ideas and the results of his experiments showing the 
possibility of reducing the wave resistance of ships by tue use of 
hydrofoils located at the forefoot. Under Professor Abkowitz 's 
supervision, towing tank model experiments have been conducted which 
have shown qualitatively a decreave cf model resistansve at high 
speeds, 

The objective of this use cf hydrofoiis is to achieve a net de= 
crease in resistance by accepting increased frictional resistarce in 
return for a large reduction of wave making resistance, 

Wave resistance can be considered essentially a pressure phenome= 
nom in waich the pressure gradient around a body moving near or on 
the free surface of a fluid results in the formation of a system of 
gravity waves. The most prominent, in the case of a surface huil of 
large displacement, is the bow wave. A reduction in the amplitude of 
the generated waves by means of a hydrofoil attached to the hull rep= 
resents a lower energy loss from the moving vessel, which may result 
in an increase in epeed or a reduction in the required horsepower for 
&® proposed design. The presence of a hydrofoil in the vicinity of a 
vessel's bow, so located that its generated wave system would pare 
tially caneel the snipts generated waves (particularly the bow wave), 
could reduce the wave making resistance of the vessel, Furvhermore, 
as & secondary advantage, this device, by its very location, haze the 
useful characteristic of reducing the pitching of a vessel in a 
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Il PROCSvURE 


The wave profile was obtained by running a centerline traverse 
the length of the test section. The surface elevation at each point 
was obtained by the point sage; the horizontal distances were fixed 
by alignnent of the telescope cross hairs on the probe tip and read- 
ing of location on the scale affixed to the telescope bench. The 
location of the probe tip may be measured to 0,01 centimeter with 
such a noint gage, and the telescope location read to .02 inches. 
The instrumentation, simple as it may seem, is very precise in 
comparison to the inherent fluctuation in a circulating water chan- 
nel. 

The profile points were taken at intervals consiste::t with the 
wave length and amplitude, and the curve fixed by these points was 
the basic result of each run. Hecause of the large number of runs 
necessary, averaging of several readings of surface elevation at 
each point was not feasible. The averaging was done by eye, and 
only one reading obtained at each point. To avoid errors in in~ 
strument reading, profile points were plotted as they were ob=- 
tained, and examination of the resulting curves showed that this 
method gave sufficient precision, (see sample profiles appendix C). 

In conducting the runs, velocity (V), angle of attack (%), depth 
of submergence (d,) and total depth of flow (dy) were controllable. 

To analyze the resulting wave, three types of flow were com 
sidered, 1) approach flow, 2) transition zene, 3) steady state wave 


formed after transition. Wave length of the steady state portion (A), 
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wave auplitzde in the steady state region (a), and the character- 
istic dimensions of the transition region (yp, yi, 11, le) con 
prised the data obtained from evaluation of the profiles. 

three types of run were taken, according to the date desired. 

1) Full profile the length of the test section or to the point 
where instability of flow made measurements doubtful. rom such a 
profile, all variables covld be measured. 

2) &A profile from undisturbed approach flow through the transi- 
tion zone, and surface elevation only oc the steady state flow at 
eaximum and minimum points, This yields all data except wave length 
and shape of the steady state portion, 

3) Measurement of elevetion of approach flow ana oi tne Gaxina 
and minima in the steady state wave, ‘his gives only emplitude of 
tie steady wave, 

gvaluation of Data, 

Variables were obtained in the following manner. 

Type l runs ) "A" and "a" represert an average of all steady 
stats waves obtained in eacn run. This, plus the averaging implicit 
in drawing a smooth curve through the plotted points, yielded reason~- 
able, consistent results. Yor the parameters of the transition region, 
we have, of course, but one measurement per run, Fortunately, the 
transition sone, free from wall and side support effects, is hichly 
stable, and profile measurenents tothe order of accuracy of tne 
approech flow were obtainable, 

Type 2 runs) “a” is the difference of tne averages of maxima and 


minima, The transition sone is evaluated as in type 1 runs. 
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ILL RuSuLTs 


il, There is no measurable damping present over the length of 
the test section or any discernable damping to the point where 
weir overfall oceurs, As high as ten wave~-lengths were observed 
with no apparent change of amplitude or wave~Length. 

2. it is pessible to simulate deep water effects in a cir= 
culatory water channel. ‘See Figure Alil, 

3. There is no rise of the surface above the foil section 
at submergences greater than .95 ©. 

Lh. There is no effect on approach flow more than one chord= 
Length ahead of the foil, 


5. The theoretical relation 


2 ive 


& 


(1) 


is confirsed. A plot of this is shown in Figure il], 

6. Curves of °%/c versus f eat various angles of attack. 

7. Gurves of O/c versus d,/c at various Froude numbers and 
angles of attack. 

8. ‘The following numerical averages and range of variations 
fren these averages were found relating the transition zone to the 


steady wavet 


y./a Ly/> Le/r 
Av£Z- 2533 050 1.0) 
Win. oly 06 0.95 


Max, oO7 054 L ly 
















ne ee 


2s erga wit ye on RC re 

cite ithiy th wt lets Rint BA es 

 Derrense emmy adtgrel-wwon ot ab Io eh 
ldqrel-wvEe 26 abot Ligne Lo Mm , 

“tio 6 at byedcle wetew qned etaloels po efetneey pf 1 ty 
IIX qaglt ont te Gade 

aottoo Lie) ed eredé woeiave will Io eels oo ot eee 

bd Rs weed ceraeng 

striods eee facid coves wall romonque am Teethe® op el one! 

thom alt ta 

muidater Lactiopiead mit 


tt) Ass eA : 


. tl qeag2t af epee a abe oe cely A memati 
stinades Yo palgns soobeer Sa 7] aemeee O\O Jo sere 

2s ramen shoot wiminey tp 0\o areter OW Ne were 6f 
toate Vs 

Hitelwey Je aguet bus ecquew Seetemes yotw(iol ete = .0. 
mid me eli Sedand of guidely» Loum) erat eepetere eee! axed 
en Gener 


ait vieou 0) a 
_". 




















Ae 


Ae Net 
=e eS = 
At.f __ 

















z 
£ 
t 


FLJSEC, | 





. * 
1 
ee a ee LE 
et ey epee tt 


_Ve2. 


ER. 





coe oe hae - 


i 


ee sein imm oe abe - +t =) . si ts) 2 2 bee neem at, ee wwebm mnt smn: ee omen ote ener oe nae at 
at at ae ” . 
~ nove 
7 Pamerny ==t - m 


hse 


—ee ee 
; i 
' 


WAT 


Be dle jz 
i} ! ft ee 
by ct | ee 
[ef | | 

a |. ett 8 

| 

| ee he Eee ee a a a ' 
beet od. bok = f 

, | “A 


W955 —-- 


A em wae mete wae | a = 


| 
! | 


‘ 
% 
' 
s 
' 
i 
! 
‘ 
' 
¢ 
} 
? 


) 


LENGTH 


See 
| 
i 
~~p———.--- —. 
{ 
' 
ae 
ve 
f 
{ 
ae 
| 
i 
; i 
i 
: 
{ 
| 
, : 
| a Se 


{.06C 


2 — 

2 |. 
| { 

1 

| 

ee, 

_ 

4 


= 
25 MAY 
C.E, JONES JR: 
=—— 
: 
j 
a 
i 
: 


EPTH oF | 


| 
| 

2 ewe eee _— a v +4 mobos 
; | 
{ 


m=2° d, 


N. oF WAVE 


6 


i , 
1 8 — we ree ee as au oe fone amor oa Peja 4 > 
iin wa 8 frag tie wees: nf rma 


4! lens Bs Z ae S payee ab Es as = . ee ; - 
= De ccd oa ae Aaa ae | | 
a Oe iaalelactetntinn ol OR wy ee om - sm. - ; 
} i | : | 
mae ft | ! 
| | | | a os a { im aes aa a c “ — * a 
| 
; ' i | 
meee ke} | | 
1 men mare an of how samen. =f oases: dem erren dies en csecseeyeretn g a eo : . 
i } } | 
. — t —_ - - ~~ + 7p ae a “_ -~ 4+. mm = - . - - ~~ ~ —« . - - ' i 
_ a , 
' | | | 
Hef ad cae «Bienen a cemeebe nonin ne ten. ia : | 
| | 
ie =a is 4 = +--—- r sh - tecee ty Lt J | a eee 
i | i = gl | , 
; ‘ j ' ' 
| | | i | Rein: | | | 
te ee ~ 6 8 em o-m ewes + Oe os . les { | 
EAN fe ee teat ectihiia et trmene femmerrentoms toe fe wmcm ey cosa an} oneca Yee cn DE 


. 1 
1 
: ) 
| i 
> ee ; 
‘ { 
My oe a pperene ss caecneeee oa etfs a a 


| | 

: 

| 

| me | 

oe. SS ee 

ot : | 7 
wpb pene 
| =" 

| 

| 


AL D 
0 


2 A TT eg cep 
: ° 
‘ 
—-——~} ——— 

j 
? 
; 

aah 
t 
? 
{ 
: 
i 
i 








FOT 





emi ieemetes eee ee 


no 
| on 
VARIATIO 


etme 


— 
Se eee Pee meant eee ey gets epee 








ep 
mone ee 
' 
' ® 
ee 
‘ 
4 
} 
at 
t 
f 
‘ : 
TO er 
, 
' 
j 
i 
; 
ee 
| 


ete 





~ =. 
ne 


{ t 
, | fer sh pf rapt _— | | | | 
: : { 3 
i | a | | | i emesis igi laa i 
OO ene she Se en a ere tke mee ete es ee ee ee ke del i as wien 4a _——— a ee _ t Zz j | j u 1 


i 
| 
i 
ne re ee 
es epee 
‘ 
i 
_—— ye © 
LY 
eee teres 
{ 
Smee es 
1 : ; 
s 


‘ 
} 
val igee amre hme alow 
ed 
| ' ; 
| 
ee = a + 5 aes . 
t i 
I 4 
' i 
1 { 
, 4 
Te rel a oe . -_-—. 1 we cee er enmnge Bae we. oie = 
; 











ee CC lc le le Lee 


(13) HIONST-3sAvM 
9ol 06 O8 eL O09 Os: OF Of O?¢ Sh ONS 60 80 VO 


WhB 








90 








| 
ees | eee 
| 


j 
- «-e 6 
L 





ALIDOAZA 











Lane sanor ao 7; f: 
alg ga ete fetid 


syoutann. a i. 330 we 


‘ . i 
4 
* ‘ . } vias } 
I : , | 
Sar: ’ ‘ + 
ee 7 Sata = 7 ea | 
t i 
. r i - a | 
- ' 
‘ , 
: 3 = is 9 
A 3¢ 
- — ~= __ - - ~ ie Wie 
a f al ne bis 
| eae —_ ne et 
ee : =e ° ere { = 
+ . . - ° : - , Sas 
r - oo ? . ° & ° i . - * . 
- ! A - : meee Senay : : nny 
- ' . - im ; 
+ _ = aes = 2 i . |} > e 
: - + pe ee. oe mes ‘ : . ' . j . Ai tes : ° ; 
> . - ‘ - E ¢ . — f : : . a = = : 
‘ - . $ 4 = ' + : : a 7 : ; : A 
: - vce - : es i i 5 i ; : 
- . . ~ . ss E . . - = 2 . 
. - - - ———~ =. _ = an a ; ‘ ode j area : i : 
- i - - Shea a a etre aaa Bora - it co Sr cos = | 
Be 2 . . -- 4 ‘ a 
i : : = - 


(995/44) 





+ 
> ~ ats — ee ars | — 
eae ’ . 











sama 


i 


we ee 





eR mm ee eee 


the 
ct 


ouS A 















1 ee ee ee 
wm se 








e 
| 
| 
I 
| 


















| i i: 
{ i | 
- t ' 4 { [ 
, _ 4 ° 9% |e) F { . 
ae mee dee EO. low = i Hh eee - | 
z | | } e142 j | | = -ebe 2 scape ieee 31) eee a ee A 
a Pee 
<a i re ; | ; ar 
oS <q" “yo eee ee epee meee. mcqueen eae ce ia eae aia en Fe Ne mms cee i ge cm cs mares 7 =a ev ebatage: ote a 
, | , | | 
oO Py | a : ‘a 
a f o i “ ete ook ent oo ee 5 eee Se ey ee a Sieamiay me epeee tae aeifie om 
geet ti 4-) It 
t& oso | | | eee r i. 
ae lem ang ig? amen = ae. SAP mire fee cls eee ee ee “| wate etapa we Oo = = 
| e - | ‘ | - 


‘ 









-——— > 


os 





S 


6 mee 


} 
* 
' 


eee wore 


= : ) | | | tall be ws i | 
a fo - -aet> = a ; i ; | | : 
Pie a +t ae | | le 
- ae toe cement mths ee he cemeteries cebig «cee Lom meee. hee Sit “A teed Se mee Oho al = ace | 
ne | | i , | | - ee o ee 5 eae 
j eo ee eee a | aL sue ! I ‘ | | | | 
as, ie me ie a | | = i 
foc Do 2 atl ee oa 
ee el ll ae | 
a PP ba ppt ed tpt fed Ld 
i ' ! ’ t | 
| S| as es 2 os | , oo — =. 
{ { ' ae 
me | | oi a a | 
i [ ' nee = — eek - aie cs : a e ji N ree fame oe aren r _ hea eran 
emesis! Vel om. | | | ! : | | 
Sh pos; bt mn meet lt ak 
Ress mt. , i | : i J 7 | 
i se in | oe x a tinea | | * | 
| | | : . | 
Se j pen te a ea a 28 pe ce be e —— ol el —S eens ee 
: ' i 
a | | =r | | | | : | | 
ie al ira | i-t--| | -- 
' : | t 
| | 


s_ MAY 


: Z 
jie, eee Ss & 


ee eae 





own ee ee + 


63 


ee er a ee ee 


Te Soe ee ee ec ee te 








, 





fa 











’ 
| 
$ 





+ ~ 


* - a) Oe ye ere ee Nee s+ ny pe ee ns coe — Se a eee emrent eet ons iareceaine: eerelne nearainenery 
| | 3 | | 
| Py | 
-- - - sees ene - 4 oor smn oes “ve = et Be ome vr _c— awe me za —— = an ~m * fee = 
' 1. . 
A ee ee ee re e - aon ee }—-- “+ apa oeae: 
1 5 1 
Seren mtn an as gee air =e - Ls = skews Sesage =i Sem da nat pease 
i ' 
<a ae fe > 
=e 1 of Bere 


‘ 
ae ee ee bree iL v= eee, a eS Lg ete 7 
' 
5 
ae Seed hime 


WHE 


§ 
2 


et 
RS MAY 18 : 


eno oree eer om Reed cana woe - | i. ot 
. 


ae 4 
> MA S 


t 


SM 





eel 


OQ : 











VARIOUS 


teh met co ow es ee 


FIGURE IV 


ae 


- =o = - = mw = - * - es me net = 











ee oe 











+ mate 


mn ee ee 


: 
. 
’ 


ce ti eee 


A we see 


r 
aoe == 
! 

t 


ee pe ante Senay 


4 


—_——— 


— ee 


} 


Co 





adm ee 


we nde we ae en ee 


RR 


AT 


ee er te ee 


4 
5 
———t-= ee ae Se ae on 


eee ee oe ee 


ee et vO aewtee see yeaee ame eee fee Ee eb ain ee 


1 oe 








ae ae 
L 
i 





— =~. —— 


—— 
- 





= ee ee een 





t 
IK. 

t 

3 

i 
ees 


| 

- 
ee P 

| 

| 

| 

| 


ae oe - 


i 
+ abmetaienad « 2 os 


5S ANGLES OF 


- 2 
Fj | I. 


lov 


i 
3 
1 
4 
{ 
=~ -—--}— - 
: 
! 
a 
re 
< 
t 
3 
> 
i 


r 


_-: oe Ne ete awe we pera oa = - 


AT VAR 


st 


| ioe 
| 
| 


‘---co 


t 
‘ 
; 
1 
d 
~ et ee 
i 
. 
‘ 


Oe erent Mem mdeme inn ae ae Bie |. tne ee eee bASedtem eeu tr Wma e-em ne Omar emany 


’ 
} 
q 
i 
ee 
i 
‘ 
1 
— 
, 
1 
ld 
{ 
' 


7 


eo res = ee 


= 


> 





WHB 





—_—s ci — 


i 

! 

| 

= eee cate sDe wt ete ee ttt eee = . a a A ote tm mee 

| ie | 
\ ' 

, | | ! 

mat CR 18a Seah es Rn res yom Aen er we an Baw. ct a stim a ae ti 

\ 


Oe ee 


<= aoe 


ms Nie wee 


oo 
mee 


25 MAY 1953 


} 
¢ 


(oe a] oe eee 


— epi} ware sase 


soe eee 


. 


el ee eee ee we 





lc ee a eee ee are 





> 
a 


nee me 





wee ieee”, 





| 
as eaee eee eee 





ete ee te 


§ 
t 
t 
{ 





a wee 


> 
ee 
. 


leah 


a 





i: 


——- 





tree 5 emee Bre me woe e! - 


a 


te 


— 


ee eer ares ~ a ama ne] 


a. 


Esmee =n) 9st maewece om 





ef 


G 








= 











ns 
7 

{ 

ie 





— 
— 





a) 
aah 
; 
1 


ee ee 


y 
a 
ot 


a 
[a 





' 
ie 





b a 


| : 
! { : 
ee ee eee Sp eee rere ja + eee mnt be nee aa em ae ee oe ee oe ate teehee eet be me tte 
; : 
| | 
{ | 
b ' 
’ ! | i 
' i 
we Se . ee ee PO nr on me Be ern = eben - eres ac sa fe meee- ls ome: ona ae es an of: ‘oad 


as 


3 


{ 
! 
3 


est HB 


ie i 
ea Gate we | eS wae, tote ern so {owes « 


{ i 


is ' 
4 
= ve po 
! 
| 


--— Sa eo 


i 















. 
. 
ee ee 


—— ---s-: — 


2 


t 

£ 

‘ 

5 ' 

’ 

{ © 
ile 


a =4cs oie 


goatee 


— 
. 


i: cabs se cpa orn 


= 
oad 


Ce eee er eee ee a ca . 


-< i's 


g 





-_: 


t 


le 


aw —— 2 


oe 


weet 


: ; 
a eh 


= 
ee 
+. 


t 
‘ 


= 








aon © 
+) 


--~-— oe 


: 
me tee. eee ome $e wwe. ras Pee Se ce i ees 


' 
a 
™ 9 ome pa eee ge ve oy © eee eo oe eee Ope oe a4 a - 


pa pe om +e sae 


¢ | 


eke ome 4: 






we ep mt oo nem 








| 
oe 


1 


1 
i { : 
Le O08 bs od ee oy 0 See eee a serene rmnrmnrnee enammas ns 
' - 
' i 
+ 
‘ 
i 
a 
¢ 
i 
> 4 
| 
? t 
ee ere cae SE —amn oe (ee 
t 
| ! i : 
} e 4 
i i 


¢ 
: : 
a aa é 
i ‘ 
i 
4 
eee urinates frente 
i | 
§ . 
wee eee + ee aye 
1 
i oe 
ee 


woe te 


$ 
: 
j 
; 
a 
} 
i 
ia 
} 
i 
{ 
i 
ae a 


: : 
t 

- Ss RE: ¢ 
{ 
\ 
i 
: 

ele 
i 
| 
} 
Pe 

' 
' 


~—-1 


RGEN 


BME 





a 
t 
‘ 
t 
3 
> 
9 
, 
. 
erent 
{ 
’ 
-= a fewen = 
: i 
¢ ; ; 
‘ } 
. ' 
‘ 
. 
te ee a ee ae ee ee ee 











-_— a eo 


. 
- 
-—— a 


4 
‘ 
‘ 








: 
: 


ys Dire pre mb we al ee ie a ee re! - 
' 






a 


ecole a ee 


Dee ee 


‘ 
oe — 
1 
' 
| 
' 


' 
19 ae rE Be ew bee 


ee 


ER Ct —. oe rteempene | ee aoe be teae ora ny hare oe o> oom oe Nett 
' | 


al 


ae nn en ks eee ee baeeed se | 
| ! | 
I 


te 


ee Sarees te Cee. eae ot orm serra Fee ee ee ey eee ae hs te = ie em owing yeh os. mee 


| ! 
| i : 
bl Pao : | 


Ree te He ree ME Oy en ere tee @ ante ee = pe ee : = eee woe eee ieee eT ee W tee ene oe 


| 
| 


eet 2 


{ 

i 

{ 
‘1 oat 

{ 

i 


| it | 


= te ewe es ae tek 


; . 
ete BeBe om te. ew none - = SOR OEY = wets + wna mh a ee ee ooree em ae 
j 


7 e 7 
Seong eee eae ae - ee: 
I | | | | 

| 


ee isles | Re. _¢ | . be 


! 
{ 


ee Ss te 
‘ 


a 


a ae aoe -a~ 
} 
‘ 
1 
i 
a 
ee) 
eee) * 
: : 
t 


me, “oe an “ae wr eee eis oe 


ae 
| 











i 
t 


a 


1 

‘ 

{ 

I 
se ' 
| ' 
| | | 
| 
ey Ge we Teorey One ee oe wees oe oo awe meme meet ae jaw onrerne sve wie me me mh a mee npr ae man « Ge oe pee te foot men ome « = oe wa rhe 2 oe. eee Pm 6 me eee cee eae acts rem hm 
| | | 

! 
2 ot nie 2 ee tf |. 

scabies Jt , * . ‘eam! 








14 


PIGURe Vil 


eee oT 6.7! 
; ‘ 
oes 
: 










) 
1 
: : 
= ote 7 —— a oS q . a = x - : 5 

< t 
et . 

ea ne 2 eee Fh oP - i = 4 os amram ee ee ae - “« aan mre . wt eee - _— rr 

| | 
(a eee : es , i ae ie, 5 ES: ee ; | ; 7 
ee: a a ae 1G aeem . ad am . * = ~ * ) 


_~ A ——— 
{ 
4 
\ 
| 
' 
= fae = 
eet tenn Gee aon 


“ = | . - bs ~ - = + = wemepe =e near ww = 
. ' 
. i ‘ 
t 
' | 
= be e « ” et ae oe es mete nee eee ore os - » nm o 2 or hm. « * -* a ere yee th carla pa ower & Men be ee o 2 me * . tee 9 = . be ae ~ 4 - a - 
{ 
| ' ' ' | ; . 
2 ' aie - > mn & — . : an ARS = Sage , @--- <a a is = A Seay ee : e = A ee eta ie Se oo oan oa ES erates 
! AZ 1 
: ' ‘ 
— oe @ Nemes moment —_ <<. eee ate. mw Ae eck om aD ne ee ee eee eee tee mee « Je mre = = ee ee ee ae oe i AES A le Mace - an seme ate ae 4 es ane sees . enw ee mtpmemrem bey peenes a Orem =ne. 
4 
| . 
4 . tr 
' 7 
| } 
= = <1 es « : - ——- = epass- 2 
5 
. ‘ 


1 
ST 


{oe ie! 
» 
: 

a 


ee 
a0 
t ee . ee ellis 
a le 
j 
: t 
| 
: 
- ——- = — 
: 
. { 
! 
| : 
ae eh = 
| 
! 
r \ 
} 
§ 
i ee 
' 


ieee 


’ 
) 
t 


we an we 


2 
‘ 
7 


' 
i 
Paes 
} 
4 
7 
5 
ro ! , 
a a et we ee a ——= 
4 
i 
© eer ae 
eee 
a) 2 ae © oe ee 
: 
} 
$ j 
; % 
i : % 
oe 2D iB a 
| | oy oe to Oe 
feces fore t eee fe te 
j : i 
[pe ae a ee 
: } 3 
anne 2 sce ae 0 2 eee ee 
i t 
§ - 
jt KS MAM ST ASS 


| 
1 
| 
| 
i 
i 
1. 
t 
a 
i 
| 
= 


te II 


f 
y 
: 
- a 
4 
{ 
{ 


a 8 
i 

| 

—— 

, > 
f 


| 

| 

{ 
eae ee 
| 

| 

| 


ee aye —s 


} 





may meee 
' 
} 
ne 
i 
' 
el ee 
t 


(9° 


ae 
f 
{ : 
t 
i 
) 
i 
} 
~~ _—S eee et 


a ee 


7 7 ae 

| 

| 

Zz 
{ 
| 
1 

{ 

} 

i 

| 








‘ 
3 

ee 
* 










, a 

‘ 
ae 

OF 

fe 

| 

aaj 


| 
{ 
i 
! 
\ 


us 
©) 
; } 
eee i! 8 | La areal aaah Re aa) 
eo ees | | | | ‘| ) | | 
= : ee | i eo : - Le i on a Serer “4 ae et eet . is ar 7 a | . 
| |. | | | 
soap pan Ye! et “aile, it | ese a 4 pen fe fap ce 
- gies i. an ro) |= ; | oe ee | si 
ee A YOUR 79 ie le Ne Se 
| | | | 3 ] | ‘ We st ae 
ae | u Ne Sal a —_ (ieee ie ee 7 | a ae 
o- . © | | j T | | 
4 Salt ee a ree eee Oe 
| : , | 


—C.8 





2 5 


: ep .. 


! 
{ 
i 
t 
; 





r 
So eae 
oO! ) 
Ou! 

[ 


2 
1 . 
‘ 
1 . 
ee ete ee we Se 
t 


amon y . are 
* 
‘ 
' 
. bh nee | ee peepee Pew» De 2 mage + Ge a centre ory fun font ane 4) tn to emp i i 
‘ « 
5 ‘ 


5 
‘ 
- = - ~ « ~ _ “ = eee —* Ye net ed ae tm Fee ot -_—— 
. | ro 
- nae re nas ae (eon Pare ~ ton hn aia een ae - 


oe 
: a 3 
j 
s 
| 
=“ 
5 
| 


—— 
| 


ee 


4 
a 
' { 
‘ 
: ' 
eee ene 





fl 


ie 


q { “- 
! 
| 
' - r a 1 
rp vein ney ae tee oman mtd. be ewes: “Te sae Spare: Taare re aire! Senaayeen eee oe ‘ apnea man aman DiR 8 « ona aa o sep bts ae nap ie ore =a por 
: ; 


> ‘ 
* 
ooo ee er U8 eee eee 
‘ 
: 


ee eri 





an eer oe 
t 
} 
§ 
4 
{ 
i 
4 
t 
es 
; 
‘ 
? 
t 
| 








at 


t 


| 
t 
| 





a ae eet Sw een. 


{ 
[- 
| 
{ 
; 
i 


ola ane! 
—_—— 





——————— 


le 
iL 
a 
i 
! 
! 





' 
a 
2 
i 
} 
‘ 
{ 
} 
og 
i + - 
i 
oa 
yal Ss 
] 
t 
e 
} 
+ 
nt wt eine 
} 
i 
: 
t 
{ 


| ; 
i 
| 


| 
m | 


a ee. |, pel wail = ae 


“| wwe 


C 





a 
oI. 


C 
JONES, JR. 


aia OKs, 


P 


- 


(0, $432 


4 
¢. 





re ae ees i eee: 











ee ee 
$ 5 : 
' é 
: i 
{ : 
amie 


t 
t 


{ 
t 
i 


{ 
——— 


ol 


1 
. 


+1 


ae 


| 


_ 


4 
' 
| 


; 


ee ee ee 





eR os Ae = = ol tener ot — 


= 
Pie. 








=a sal <a ae 
‘oe 


7 
t 


t 
| 


—_ 


} 
' 
§ 
} 


CEf y¥e 


oo —— 
25 MAY [963 


‘ 
; 
' 


- 


i 


— ee 


* 
’ z 
: i { 
a » ae 
a | 


t 


< 
: ' 
- 3 -? —_— 
. — jo + 


4 
’ 


e 











er ee ee 


ial 

j- i sep nem hee 

| | | 

ee 

«| 

ae. Sale a J 
| HF 

een 1, te 
| . 

P44. et 





GENCE 


=p!) 


‘ 
' 


s 


'S: 


_v 
SUBMER 


ye 
ns 


OF 


' 
' 
1 


| 


ie ee 
PLOT of 








a pA cm 6 Pea —-—— 
| | 
i i : 
ee i- ‘ 
' ; i ' 
1 
tee ed —-~|-- __ ; - tr —_, 
‘ ; { 
; $ 
! ; I 
j — 
‘ - ' 
! i 
| 
fom ane a pee pC 
p< ‘i. 
i : 
: A $ 
; j 
i : 
' 
1 
‘ { 
; ? 
i 
i 
i 





i 
t 
§ 
° 





eee 


— ee vies 


* 
1 
- 


i. 
‘ 
1 


{ 


bw ee eel ——— -- 
4 
\ 


eee 


t 


fine eons |} oa arom 3 empre tey ce ee cw tren wee he 


! 


| 
| 
_- 


TE 
| 


{SE eee 


os eens eee — -_ : Soe 
1 | 
{ § 
Up mn te penne ese tee ef tees ey a aes aemensnge 
\ a) 
| | 
er ae - mame 





‘ 
| | 
one pode. ee Oe —_ _- 


4 
3 
t 


t 
AC 
: 
; j 
i 
{ 
‘ 7 ; 


me —~e 


{ 
1 
i 


K 


| 


1 
: i 
o-oo eee ene 3) a ene 


ye ae ttt on 1 enna ot ee ome 





i 
$ 


aaa ors ee ES 


eae 





| 


‘ 
= ac 





S)OF ATY 


Ls 3 


? 
! 
§ 
t 
? 


NG 
BROO 


i 
i 
3 
i ; 
Bef oceeaee S 


1 
A 





2 
a 
eee omer osteerrmae ir ieee 





WH. 


t 


—s i en pee 


1 RN Cae ete meee 


es ree 


1s 


i 
i 
{ 


4 abe = sae ante 


won 


| as ek A = |e = | we 
aii ae me 
wl Oe e. ne eee ve eee | le. = 
Tre Ll | ee ee | aj f= | X 
a - ol he ~ a 
| | | i | — | ae, S 
Polaeg et een ay aati i lot ahead sone De 
Soe er he Se 
ot i nee Ue | ; et i, a ip So : ; : 7 O) 
: | | | 


; 
’ 
i 
i 


meee ee 


HO | 
{ | 
{ | 
a SE 
a Te 
oe ee ee a 7 
7 od oT . 
i ae 
Bis - ate ; = = eee A ee ] ae = _— hare 
a LUN) a eee 


208 epi oe 





~~ 
‘ 
a I ‘ 
e = » 
{ 
ee. ee ~ 





4 
| 
| 
i” 
© xl ove | ¥ aan 
| 
| |e 5 wa i 
Po la Ct ihe 
re at. bt Se eS eee feed eee ta ee 
eye ct =. a ae : C. 2 — ean oe : rs: = Moat r os ae) 4 at “- Le 
y Z ee : | ! 
aT ca ee ee ee 
| | - 2 ole || | i aE 
Me ate ie ae 
| oat | | | ; | 
L. Pas. i ~y i - meneame i r Be L bene hots x 2 my : oie ieee po Pe peaas 
a. 7 | | : i ee | | | 
a ae iy te: eal se kan iv — | ee 
ac _ i | | | | i 
| | { , 
ro C at | | 7 : aa = 
| | 
| a. . ae Bn] | ae eee ise |) 4. i ila. fens ee ee — 
 iamileineemidel ct cr aa : 
ES ee Rae ete F a ee a 0 | ~~ | ace 
La | tt a are | | 
eee ear tf = | llalaal 











1? 


L¥ DISCUSSION Of heSuLTs 


The object of this research was to find the change in the 
resulting wave pattern with changes in the conditions of the 
wave generating hydrofoil. In many cases, the relations were 
clearly defined and these have been expressed in the preceding 
section. In other instances ( the parameters of the transition 
gone in particular), where such variations were not clearly de- 
fined, interpretation was needed. in these cases, we have made 
our interpretation and drawn our conclusions, for those who do 
not agree, the table, Summary of Vata, found in appendix Bb, must 
comprise the results. it is hoped that sufficient information 
is expressed therein to aid the research of those individuals 
interested in hydrofoils. 

Since this work was attempted with a view toward the use of 
hydrofoils in suppression of the wave train of a surface ship, it 
Will be evaluated and interpreted primarily on this basis. 

Not previously mentioned in this paper are the serious limit=- 
ations imposed by the equipment which was used, Principal among 
them was an overall limitation on range of both velocity and to= 
tal depth, At the present tine, hydrofoils used as wave suppres~ 
sors have been of chord~length equal to or greater than the draft 
of the ship model tested. This would mean, in full scale terms, 
that a destroyer type vessel, operating at a speed of about thirty 
knots, and using a foil with chord-lLength of about fifteen feet 


would give a Troude number on the foil (V/[s¢) of about 2,3. 
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For a typical merchant vessel with a speed of about twenty knots, 
using @ chord=-length of twenty feet, the hydrofoil's Froude number 
might be 1.3. In our test range, the maximum Froude number attain= 
ed for the foil was 0.92. 

This means that the range of experimentation may not allow di- 
rect scaling of the results of these tests to a full size ship. 
This limit was recognized early in the preliminary analysis, and 
the use of three sises of foile of about one, two, and three inches 
was plannec, anufacturing difficulties prevented the use of more 
than one foll. It is to be noted that the original proposal would 
have extended the range of Froude number to a value of 1.7. The 
extension of the range of Froude numbers tested is recommended 
in order that the scaling methods of ship model testing may be 
directly applied, 

The use of a renge of sizes of foils would also have permitted 
examination of one more variable, chord-length, and would have al- 
lowed @ check on the validity of the use of Froude number for a body 
which does not penetrate the surface. Only limited work has been 
done on this aspect, but it appears that this is the valid scale 
factor within the limiting assumptions accepted in snip model test- 
Ings 

Unfortunately, this work makes no contribution to the problem 
of determining the shape of surface waves. Attempted analysis of 
wave shape by numerical se neiy? proved unsuccessful, Thus, 


Within the frame of characteristic dimensions presented here, the 


investigator or ship designer must choose which of the many pro~ 
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posed theories he desires to use to express the shape of the 
wave. 

No exact correlation of the characteristic dimensions of 
the transition was found, itxamination of these dimensions in- 
dicates that their primary relation is to the respective di~ 
mensions of the steady state wave. In other words, 41 ana £2 
are increased by any change which increases A, and yg is in- 
ereased similarly with increases in "a", In the absence of 
any better correlation, numerical averages and the range of 
values obtained are presented. it should be noted that, jor 
waves in whieh there was breaking of the crest of the first 
wave, the measured values of neither /2 or of "a" were usable 
in this analysis, This is easily explaineds the breaker is 
a region of high energy dissipation which affects the energy 
content of the wave which follows the breaker, Also of in-~ 
terest may be the fact that the presence of a breaker tends 
to stabilize the wave which follows, ad very good megsurenents 
ofAare possible. 

luring the observation of the hydro~dynamic behavior of 
the hydrofoil wo imrcortant phenomena are noteworthy of men- 
tion. First, it was noted teat within the velocity range of 
the investigation there was no perceptible influence on the 
upstream flow in front of the leading edge of the hydrofoil 
at distances greater than cne chord=-length, ‘Second, it was 
noted that at shallow depths of submergence (dj) a wave hump 


appeared above the leading edge of the hydrofoil. These two 
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phenomena are of importance to the ship designer if hydrofoils 
are to be used to reduce the wave making of a ship. The use= 
fulness of the first phenomena is obvious in that the designer 
ean rely on a free uninterrupted flow up a distance of one chord- 
length in front of the hydrofoil. the second phenomena, character- 
ized by the dimensicn y\» is not clearly defined at the present 
time, Only one conclusion is drawn=-namely that in no case does 
a hump appear until the depth of submergency (d,) decreases below 
-95¢, This fact is useful to the designer in that within the 
Froude number range of this investigation it indicates that the 
designer should not locate a hydrofoil at the bow of @ ship closer 
than one chord-length to the surface. Otherwise the presence of 
the hump wili tend to offset the wave reducing feature of the 
hydrofoil, 

The results of this investigation show that not only can a 
flume be used to study the behavior of a hydrofoil in deep water 
but also that the shallow water effect can sasily be diseerned by 
noting variation in wave-lengths with stream depth et various 
stream velocities. The resulting curves showing this phenomena need 
no further amplification, 

Fortunately, theory and previous experimental work are avail=- 
able with reepect to wave length ef a surface wave, That the 
accepted criteria of A for waves travelling over the surface 
of a deep body of water was met in the experimental results is 
a verification of the proposition that deep water conditions can 


be simulated in a relatively shallow, circulating water channel, 
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Since the generated waves are prone to be more unstable in hori- 





gontal Location than in amplitude, an appreciable spread of ex= 
perimental points about the mean line resulted. 

With reference to wave stability, °/, greater than 0.005 
could not be achieved because of the breaking of the flrst wave 
crest. “ollowing this stabilising breaker °/, values ag high 
as 0.092 were achieved, 

The relation of amplitude to submergence and angle of attack 
ot the hydrofoil represents the primary resuit of this investigation, 
in the absence of comparative theory, the curves picturing tunis var= 
lation must be taken at the value indicated by the small deviations 
from the mean curves, These are design curves, and in addition lead 
to the following conelugion: for any angle of attack, there is an 
optimum depth which will produce the greatest amplitude of generated 
wave. This depth, in itself, if a function of the angle of attack, 
increasing with increased angle of atteck in the manner shown by 
the curves of a/e vs. d,/c at the various angles of attack. 

This same information, plotted as a/e vs ff , is presented, 


since this form may well be more useful in design, 
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1. This range of experimemtstion may not allow the results of 
these tests to be scaled directly to a full sized ship, 

2. No clearly defined relationships for tne transition region 
were found. 

3. Bow hydrofoils should not be inatalied at depths of submer= 
gence of less than about one chord-length, 
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VI RECOMMiNDATIONS 


1. Extension of the range of fF} by similar tests to a value of 
approximately 2.5. 

2. The use of geometrically similar foils of a different size 
te examine the variable, chord=length, and to cheek the validity of 
Froude Number as a scale factor. 

Experimental Recommendations: 

From ooservations and difficulties experienced, these recommenda- 
tions are made for refinement of experimental techniques. 

1. Insert false side walls in the flume to extend the velocity 
range and the depth of the flow. This would permit a better attach~ 
ment of the hydrofoil to the sides and thus eliminate any "strut ef-= 
fect" which is set up by the side supports of the foil. 

2. Install a fully adjustable weir gate to permit more precise 
control of velocity. 

3, A more precise method for establishing angle of attack should 
be used. The present method, with the equipment used in this inves- 
tigation, requires that the hydrofoil assembly be removed each time 


and set for a different angle of attack when so desired. 
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DETAILED PROCEDURE 


Preliminary Analysis: 

The closest approach to a theory for this problem is the work of 
Lan ‘44) on surface waves due to a moving pressure disturbance. 
Though this theory was advanced considering a pressure disturbance 
at the surface, it was felt that the general method of attaek is are 
plicable to disturbances caused by a submerged body. Im brief, the 
theory predicted (a) change of surface elevation over the finite 
length of the dieturbance with the shape of the elevation closely 
linked to the nature of the disturbance, (b) a transition region of 
approximately 4 a wave length whose nature was exponential, (c) a 
damped oscillatory wave. Further, Lord Kelvin had theorized and ex- 
perimentally checked the fact that no stable wave pattern would re- 
sult at velocities of less than about 23 on /eee. ‘5? 

With this background, the method of procedure as stated on page + 
was adopted. 

Alse apparent in the preliminary analysis was the question of 
simulating deep water conditions in a channel of this typs. 

Only this far could theory help; it was necessary to know the 
general nature of the waves before proceeding. 
Sequence of Investigation ; 

in order to get consistent results, reasonably steady approach flow 
to the foil had to be achieved, It was considered that this could be 
accomplished without modification to the channel,as installed, by place 
ing our foil and observation section a distance of about fourteen feet 
from the inlet. Upon establishing flow with the sluice gate removed 
from the inlet, it was found that a standing wave existed the entire 


length of the chacnel. This difficulty was resolved by lowering the 
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sluice gate to create a small head (cone to two inches above the level 
of surface flew) in the inlet tank. This slight contraction of the 
inlet removed the standing wave, and the length of approach flew was 
sufficient to take care of the additional surface disturbance caused 
by the sluice gate. 

With satisfactory approach flow established, the foil was placed 
in the flows and velocity, submergence and angle of attack were varied 
to note qualitative effeets, Two results were immediately noted: 1) 
The damping of the wave train was not discernable to the eye; 2) Lord 
Keivin's prediction as to minimum velocity was optimistic in terms of 
stability of this equipment. Only random disturbance was present be=- 
low a velocity of 1.25 feet per second, and, up to velocities of about 
1. feet per second, measurement would be difficult. 

it was also observed that the foil supports were creating seme sur= 
face disturbance, and that this disturbance converged at the center of 
the channel at approximately the second wave erst, independent of the 
velocity of flow. To the eye, these effects appeared sizable, eo it 
was decided to round the corners of the side supperts, and if thie did 
not suizvice, to measure the surface profile generated by the supports 
alone, and try to subtract these values out of the prefiles generated 
by the hydrofoil. 

The reunding of the edgea of the support pleees preduced no change 
in the size of these disturbane:s, but, when the supports alone were 
placed in the flow, there was little or no effeet en the surface, and 
no measurable wave was cauged by these supports. Thus, it wes de~ 
cided that the ummanted surface disturbance wes being caused, not by 


the side supports themcelves, but by the compiex intersection of foil, 
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wall, and support. This was confirmed by observation that side ef- 
fect first appeared at the surface at a different horizontal location 
as depth of the foil was changed (moving downstream, as submergence 
was increased), 

As this could not be eliminated without major changes in the 
mowiting, and it was felt that foil and channel wali alone would pro= 
duce considerable effect even if the supports were removed from the 
flow, this three dimensional effect remained throughout the experi- 
mentation. However, as plotting of the profiles provressed, it was 
shown that this effect, though tending to make measurement difficult 
in the vicinity of the secmd crest, could be averaged out by care 
ful use of the depth gage. Even with very closely spaced profile 
points, no appearance of this disturbance could be noted on the plet= 
ted profiles at the point where visual observation showed that side 
effects were present in the centerline profile. 

A much more harmful effect of this side effect was its contribu- 
tion to wave instability, particularly at low velocities, and, if a 
mounting could be designed to eliminate or reduce these disturbances, 
& minimum velocity much closer to that predicted by Lord Aelvin might 
be achieved. 

Since this investigatien would have been of little value imless 
it gould be related to hydrofoil performance in deep water, ii was 
feit that the first objective must be to determine the effects of the 
comparatively shallow channel. This was done ag follews: 

At each of several selected velocities, the controllable variables 
(angle of attack, depth of submergence, and velocity) were held cone 


start while total depth was varied from the maximum allowed by pump 
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capacity te the minimum where total depth was only slightly greater 
than the depth of submergence. Resulting changes in the characteris- 
ties of the generated wave were then the "shallow water effects". 

Once the point at which changee cccurred was established, inves- 
tigation proceeded at depths greater than this critical depth and 
thus deep water runs were simulated. 

In addition, the first part of the investigation yielded enough 
data free of mallow water effects that it was possible to establish 
the fact that wave length was a function of velecity only. 

The remainder of the investigation comprised the collection of 
sufficient data to establish the effects of ~, d,, and V on the trans~ 


ition gone and on amplitude of the steady wave. 
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DASCRIPTION OF EQuIPMENT 








The hydrofoil selected for this experiment was the N.A.C.A. 
Wki2 airfoil section, The profile of this section is shown in tie 
appendix Table no, I with a tabulation of its coordinates. The 
choice of this particular profile was based primarily on the avail= 
ability of existing data of a similar nature which would be useful 
in the course of this ee @irfoil is 2.6"in chord 
lencth and 18" in wing length. It has a 12 percent thickness ratio 
with a l percent camber, The trailing edge was rounded off slight- 
ly to facilitate the machining of the foil. The foil was made of 
dural and wac manufactured by a special milling machine in the vloan 


Laboratory of the Institute. 


THE WATD CHANNAL 

A photograph of the water channel is shown in Figure <A * 
This flume is capable of a maximum flow rate of 1200 G.P.M. itis 
18" in width and 2 fect in length. The entrance of the channel 
contained radiator baffling followed by a converging section to 
stabilize tne channel flow rate and produce as little surface dis~ 
turbance as possible, For the low velocities needed for this in- 
vestigation (about 1-27,!'.5.) this arranvement was not quite satis- 
factory because standing waves were generated on the upstream side 
of the test section. A satisfactory flow surface was produced by 
morely lowering tne sluice gate until it rade contact with the 


water surface. ‘urface disturbance variation, (unsteady) was, 
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at the most, about 13 millimeters. 

The flow rate of the channel was established by means of a 
calibrated orifice section located in the piping on the discnarge 
side of the pump. A differential mercury manometer was attached 
to this section and the flow rate could be obtained by measuring 
the difference in mereury levels. then applying the calibration 
formula 

Q = 1.606 VF (2) 


the flow rate and hence the velocity could be determined, 


THs BeASUHING LQUIPREAT 

A depth probe, calibrated in centimeters, was used to measure 
the heights of the generated waves, the undisturbed stream surface and 
to establish the vertical height of the foil tip. The probe was mount- 
ed on &@ carriage which could be moved on rails located on top oi the 
rlumeé. 

aA telescope apparatus shown in fig. XI was used in measuring the 
horizontal distances, Due to the long axrm on the depth probe, inaccur~ 

te horizontal distance readings would resuit if horigontal distances 

were measured using the probe carriage. The telescope was mounted on 
a moving slider which was free to move in a horizontal direction along 
an alLuninum 2 x 2x 4%" angle. vchis alwninum angle was securely bolt=~ 
ed at cach extremity of the ovtservation area and checked for level and 
cross~level by means of a machinist's level, 

A steel tape was laid along the top surface of the angle for use 
in measuring horizontal distances. Vertical movement of the telescope 
was achieved by clamping the telescope on a depth probe which in turn 


was mounted on the slider, 
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The procedure in using the telescope apparatus is as followg: 
the slider is first moved to a desired position on the angle bar, 
Then the prebe carriage is moved along the length of the flume 
until the probe tip is observed in the cross hair of the telescope. 
This establishes the abscissa of the particular point on the wave 


profile to be neasured,. 
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TABLE J 
TABLE OF OF PUTS FOR NACA 422 


AIRFOIL SeCPION 


STATION UPPER LOWER 
0 = 0 

1.25 2okh -1.u3 

25 5.87 a2 YS 

520 b.73 ~2 li9 Leading edge radius = 1.56 

7.5 5.76 =2.7h Slope of radius through end of 
10,0 6.59 ~2.86 chord # 4/20 

15.0 7.89 =2 88 ex, mean camber & 20k: x G 
20.0 8.80 ~2. 7h Lovwation of max, mean 

25.0 “= 2 250 camber <3 oy ® C 

36.0 > a2 26 

110.20 y - ~1.,80 Max, thickness = .12x C 
50.0 9,19 1.40 

60.0 8,14 #1 90 

76.0 6.69 ={} 65 

80,0 89 -9,39 

20,0 2atl =-0.22 

95.9 1s:7 —) 16 
100.0 0.13 =),13 
100.0 = 0 


in the above table the stations are expressed as percentages of the 
exord length. The ordinates to the upper and lower surfaces are also 
expressed as percentages of chord length. 

The foil used in this investigation was designed icr a cnord length 
of 2.€0 inches. The trailing edge had to be rounded off slightly to 


facilitate macnining. The actual measured chord lengtn was 2./7 inches, 
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APFakUia B 
SUMMARY G# DalA AND 


CALCULATIONS 





TABLE id 


SUMMARY Lr SAPENIOOVIAL DATA 





RUN ai do aC | V a a Vo 4 4a -_ 
a a a a ee ae 
7 29k G95 2 Le ed Osa.7 0.43 = Pec 540 
6 2,92 10.2) 2 1,63 8.0 0.50 0.37 = 36P 
FF 2h 6.72 2 Le 5. Gwe Oezsa - 2.0 546 
10 2.93 9.03 2 1,72 [2 Gl O80 = 3680 
li 2.97 777 2 1.60 6s Ost G.2h = 2.9 6.0 
12 2.94 8.76 2 1,19 hel O@283 Off = 2.2 ws 
13 2.9 7220 2 1,98 854 0.72 O43 oa ii,2 } 
1, 2.90 4.75 2 1.32 5.5 O34 G16 = 253 567 
15 2.99 6 oll; 2 1,29 ieS 9529 tA = 2.3 ©6545 
16 2.93 7.70 2 1.31 S30 Ovwzh OFF% < Bl Soh 
17. 2,93 6.72 2 2054 16.0 1.430 0.6h «= 6.5 lu.2 
18 2.91 Ly okzdj 2 2052 29.3 Lelt6 9,77 = Av6 170 
19 2.97 5457 2 2.88 16.0 1.450 0,66 = ef “Dial 
ZU 2e5k 6.95 2 2.2h 12,0 Let 0545 _ 52 R 
21 3,01 6432 2 2.03 7“ 9,64 0.43 — eG i 
fe 3708 8. 2 1.99 922 Oy62 O87 = 329 R 
23 2.9h 9.2 2 1.97 86 0.8% 9.37 = Let R 
26 Lees 4.66 Z 2.0L LL 0437 GaS2 = 5.2 R 
25 2,03 3453 2 2.00 12,2 0.95 %63 « Se2 z 
26 2,00 765 2 1,8h 8.3 @40 Onl = bedi R 
27.5 2209 7.5 2 2.06 W) od 6.85 Cult? ai 5.0 K 
88 2280 7.5 2 2000 1250 WO2 Gah? = 660 i 
29a 1.00 8.31 0 2.00 9.2 0.70 2,260:28 &.6 945 
29b 1.476 6632 9 2,00 94h 0476 0827 6626 456 9.45 
29e 2,56 § 31 0 2 40 Se, 6.73 8.90 = La 8S 
30a 3,51 @.31 0 2,00 10.0 0.57 O.21 =~ i a 
30b «=. 50 O62 0 2.00 10.0 9.40 O,17 @ lie& 9a 
31a —(.88 8,31 2 2,00 O.§@ Ov22 «= ya2 = 97 
32b «eB 8431 2 2,009 0,60 Os3¢ & ee 
jle 3.44 8.31 2 2,00 o.78 Ot = fe WT 
36e 3,85 $a 3 2,00 QO.79 O45 -« lew® Fab 
36> «(4.98 64.33. 3 2.00 G.82 @.26 = keep 0 56 
36c 36 8,31 3 2499 mS, Celt = ao2 8966 
37a 2 Ok, 8.34 L 2 wOO 0,61 Ct 3 = bid 9.7 
37> 3.15 8.31 3 2,00 0.7% Oi = ae © 
37¢ 3.86 8.32 3 2 OV 0.02 U.26 <= inc 38a? 
Sh lefO 8.31 1 2.00 Oo43 9.212 ~ a, 
38a 4.96 6.32 <a 2.00 G26 O16 = ah = PNT 
38> 4. 05 G,31 = 2,00 a Gh «= we ae Py 
38 3.415 6.31 1 2.00 0.58 O.28 = hel, elf 
364 2025 €.32 =} 2 00 0,57 ee 0 Ligh S57 
3° = «11.36 8,31 —2 2.00 0.6 0.26 O82 Wsk F.7 
hoa 75 705 3 2,52 O91 0.43 = 6.3 158 
web 3677 7365 3 2,52 13820 O85 -« 663 156k 
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Wwetie ff om nwee oGpiweild ‘ ‘- ye 


(cant ta) 

7 ‘ 
RUN dy & XK y . 3 Yo 15 
NO. in, ‘dn. oO ow toed in, iM. IN. 
hOe 2.76 65 3 2, 5) heb 8600.63 643 15 als 
hOd 1,80 7465 . 2.6) 1.2) ©60.72 623 15.4; 
ila 0,82 Te65 3 251 0492 0 oF 6.3 15 oft 
klp 324.78 Th65 2 2.5). G,60 ¢,h5 6.3 15.2 
bic 3.77 765 2 2651 1,09 6,52 $3 15.2 
hada 2.800 165 2 2.51 1.26 0.63 6.3 15.2 
bie 4,80 7.65 2 2551 1.i8 06.57 be 3 15,2 
hif 6.81 7.65 2 2,52 0.77 0.43 6,3 1502 
ig 4.86 7405 ds a Sl 0.70 G39 64h Lows ed 
hin «3482 = 7565 1 2.51 0.91 90,45 6. 15.3 
ba 2.84 7665 1 2.51 1.05 O49 bok 1543 
h2o 1.82 7.65 1 2.51 1.05 0.452 6.1 15.43 
h2c 0.384 7.65 2: 2652) Oa7 0538 bak, 1545 
led 364.85 3=67 65 0 0.50 0,33 6.3 15.2 
ize 3.& 7.65 0 2451 0.55 0.37 6.3 Lew? 
WE 2.8 7.65 0 2.51 0.7 G.h3 643 15.2 
beég 14585 7.65 0 2653 0.78 O45 643 15.2 
l2n 0.86 7.65 0 2.51 Q,.63 9,28 6.3 15 62 
l3a 4.85 7365 ae 2e5L 9u1 0,30 6 sit 15.6 ar 
l3o 33.860 7365 wd 2.51 0.5: 9.35 64h 15 w6 
b3ec 0 28k S765 = 2,51 0.57 0.37 6.4 15.6 
Mad 6 1.85765) 2,52 wth Cue7 6.4; 15.6 
Wwe 0.87 7.65 <1 2.51 0.52 0,26 6.) 15.6 
be 2.95 9.65 3 1.50 
bib 3.72 9465 8 1.50 This data not teken 
bbe 4.50 9,565 3 1,50 in following runs 
bhd 3.22 9.65 3 1.50 
bhe 3.02 9,465 2 1.50 
buf 3.51 9.65 2 1.50 
hug b.0h 9.65 2 1450 
hin 3,02 9.65 i 1450 
bia 3.54 G65 1 1.50 
ils 4 4.05 9.65 a 1 350 
bhk 2.57 99665 0 1.50 
bud 83.0) 965 £O 1,50 
bm §=63.5h) = 9. 65 9 1450 
hin 2 55 9,65 = 1.450 
Lho 3.94 9.65 =|}, 1.50 
blip 5 «58 9,65 =), 1450 


NOTH: 1) R in lp column indicates breaking at first wave crest. 
2) = in yi column indicates no surface rise directly above foil, 
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TABLE Ii 


TABULATION OF DATA FUR Tids PLOT OF Ti VARIATION 
OF WAVE=LE..GTH WITH DEPTH OF WATLR TO 
NOTE SHALLOW-WATIR EFFECTS 





2,940 in. 


0.529 L. 300 1.69 0.378 0.375 
9 0.560 1,485 2.21 0.475 0, 363 
10 0.752 1.720 2.96 0.608 0,3h7 
11 0.67 1.595 2.55 0.508 0, 337 
1h 0.396 1. 320 1.75 0.858 0.13 
1S 0.536 1.29 1, 68 0.396 0.398 
16 0.642 1.310 1.72 0.416 0.408 





v 

13 0,600 1.975 3.90 0.700 0.718 | 
20 0.579 2,2h0 5.02 1.000 0.798 | 
1 0.526 2,030 4.13 0.766 0.742 

23 0.718 1.972 3.89 0.716 0.736 

2); 0, 388 2,010 Ok 0.917 0.908 

25 0,29h 2,000 4,00 1.017 1,017 ' 
30 0.689 1. 980 3.93 0.750 0.76 








| V i A 
17 0,559 2.510 6.32 1.333 1.319 
18 0.370 2.510 6.32 1.608 1.59 
19 O.k6h 2400 6.15 1.333 1. 356 
ie 0,636 2.510 6.32 1.250 1.2h5 


Velocities of 1.3, 2.0, and 2.5 ft./sec. were chosen to show on the 
curve because most of the runs meade during the early part of the investi- 
gation were at Velocities near these. As shown above all of the wave- 
lengths were eorrected by provortioning based on the ratio of the square of 
the velocities " é 

— ™“ i (3) 
Az V2 


which was previously established. 
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TABLE iV 


TABULATION OF Wits to TOL oot of venoUryY ee 
WAVEWLWOTR bem LAP OATOD OFT @ 


it 


aus A 
G 1.03 8609 066 
LD le? Fe30 ehO8 
Li 16595 H—10 oR) 
17 2eSh 16,69 1633h 
20 2 2lj 12090 Lai 
a2 1.99 Fo 2G 0 (EG 
23 197 BOO 07 ih 
26 1,835 8630 ob¥2 
26.5 2.45 Lig” 1 ot65 
27=30 1.98 Yo eJOO 
50 2 9438 £5 29 Leech 


The foliewing calculations serve to swhetantiate tr WwOrye 4 re 
the wurve of velocity veraus wave-Lergtn tc following poiste were 


taken 3 
Aw@ziAM {%, VS 3.00 it./see, 
Aw Odi ft. ¥ = 1.50 ft. /ver, 


Tae equation is of tac fora: 
=o yyil Pa 
d= KV Vt 4 


(1.76 = K(3,00)" 
(O.41; = K(1.90)" 
ina sin kK @ n(in ¥) 


im 2.76 2 in F + n In 3,400 
in Qed @ In hKe¢+n iin 1.50 


-—s Lr BK +“ 1.098 
oi23 8 in Ko A 4+ n 0.405 


ya a 6.693 n r 


ov nw? 





0° AEE LTE RIT 


0,565 # ln K » 2 (1,098) 
Ly K 8 oi .034 
k= 9,195 


% A 0.295 Vo Ser y2 
é 
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TABLE vv 


TABULATION OF DATA FOR PLOTS OF a/e VuksuS d;/c 
AT VAHIOUS ANGLES OF ATTACK 





WV | 
Y= 2,51 ft./sec. fF s¥ro = .920 e = OHe m. 

OO = -]0 OC # go “= 71° Xo = 20 a= - 

a/e di/e a/c dy/e a/e d,/c afe di/e afe di/e 
6.100 6.315 0,220 0.310 0.967 6.303 O.278 0.292 0.332 0.29 
0.256 0.669 0.202 0.669 9.379 0.657 O.426 vU.650 0.448 0.650 
0,2h2 1.025 0.267 1,029 0.379 1.025 O.uW55 1,010 O.4th 0.996 
0.195 1.398 0.235 1.390 ©.328 1.375 0639) 1.360 Oolj33 1,360 
Qas 1,750 0.180 1,750 OF ce ee ee Ss ee es 





¥= 2,00 ft./sec. i 2 ova e® tuff in 


Ad « om if Os 9 


70 = 9° o gw 39 
a/c + rs alo . Ae aje _da/e a/c ad/e a/c  ayfe 
0. 23 O. ; r- Og 1 Ds 292 On 95 oo. 1.060 Ce 26 we 390 
7 


0 0 

O.2h2 0.523 0.2 0.635 0.271 1.238 0.202 1.2h2 0.206 1.575 
0.210 1.139 9.26) 0.903 0.22; 1.393 0,217 1.490 0.152 1.798 
O.148 1.462 0.206 1.267 0.155 1,697 0.2152 1.760 

0.091 1.790 Od 1.625 

¥= 1.50 ft./sec. i & quite c = 2.77 an. 

As 30 a = go Qe 3° o= 90 XK = 3° 
afe  /e afe afc a/c = a, /e a/c a@/e afe djfe 

0, LL! Do O.13 On 9e OsiGL 1.070 Os130 1.007 0.159 1.0/6 
0.05. 1.098 0,083 1,098 0,072 1.280 0.072 1.268 0.098 1.235 
0.018 1.292 0.058 1,280 0.029 1.462 0.080 1.460 0.072 1.3h2 


0,032 1,625 


a A aa LL RETA eR: GO TEETER CLIT Ie IIE INE RIO GE PI RR IRON erable Se) Lambert MRR RE Ge SL GAR ae URL PTAA GIMME Rie OTR Seater 
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TABLE 
WUMERICAL AVERAGES RELATING THR 
TRANSITION TO THE STEADY WAVE 


Bun = 13 /) (4) 
7 L9 
8 Lo 
9 L6 

10 52 

ll L8 

12 SL 

13 9 

15 48 

16 Sk 

23 49 

26 53 

27.5 50 

28 50 

Avg. 50 

Min. 6 

Max, Sh 


Wy i 


4] 





TABLE Viua 


SAMPL! DITA SUEET ‘RON 29a) 


Manometer 1,30 feet,% x 0° 
Foil Location: vertical 345.25 em., orizontal 16.70 om. 





PROFILE Data 


VERTICAL UR TZONTAL VIRTICAL HUMIZOSTAL 
36,75 11.00 35,80 31.00 
46.76 13.60 35497 32,00 
36.79 1,00 36.56 3300 
36.92 5209 ST etid 34,00 
36,98 16 »QO0 37275 354 
37.2 17,06 37019 35.50 
37 4? 17 six0 ‘$ts9 Li 38 ott) 
37.62 18 20 35,86 39.250 
37,01 19.00 36.05 41,00 
36.57 20,00 36.567 hy2 .G0 
36.25 21,00 37.36 bb, oS 
36,10 Ce OU 
36.32 23 00 
36.69 Phi oO 
37 ~25 25,00 
37.75 26.00 
37 58 27 06 
37 209 28,90 
36,50 29,90 
36.15 40,00 


ihe above 8 deta ior ame of tse rwie in which a cawplete protile 
was Mapped. Verticsi Jisce cer ace recorded (n cectim@ttere and herie 


Zonta. tistance® are r¥corded ih itiitues, Bottom elevation was 15.75 cm. 











eitics, Sales | he 2 OT & fe om @! one o 
mtQOe ce teeelie «¢ danas 2 oe coords 


afte 2\.cl esw coitsvele majsou .. ,* =a —. “J 
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Tabb VIII 
SAuPLe UATA Snta (RUN hd) 


ter 1.77 feety % 22, 
locations vertical 23.09 a.. horizontal 16.40 CMs 


VERTICAL (om, HOM IZ ONTAL (in.) 


35.22 21.00 Max, (Vert. 33.92 om, 
35 28 43.00 (Hori, 0.40 in, 
35 of tes 45.00 
35.04 47.00 Min. (Vert. 35.82 em, 
34.64 19,00 (Hori. 48. 80 in, 
34.28 21.00 —- 4 

34.11 23.00 

~~ Tadd abl o ly 25,00 
3h.95 27200 
35 258 29.00 
35.495 31,00 
35.80 33.00 
35.45 35,00 


The above table is data for one oi the runs of the series in which 


the transient was to be studied ard the amplitude was to be noted, 








fob wt cee or ey oe her ce SD) othe’ 
nae ot yom aha oe ns OT ea 





—a ov’ 























INCHES 


Xu 


— ont oe 
i 
' 


}OF 


S —* 
—- <r 


— = — ee ee 


= 
| 7 
PROFILE 
18 
|. BROOKS, JR. | 
DISTANCE — 


= | 

>< aya 
pe 
2 | nn 

4 | 

s u— 3 


t 
: 

A. 51F 
real 


ook 
HORIZONTAL 




















Le 


36 


h. 


5. 


47 





Daily, J. W., "Cavitation Characteristics and Infinite Aspect 
Ratio Characteristics of a Hydrofoil Section". ASME May 1918. 


Ausman, J. S. “Experimental Investigation of the Influence of 
Submergence depth Upon the Wave-Making Resistance of a Hydro= 
foil." Thesis conducted at University of Celifornia 1956. 


Searborough, J. B., "Numerical Mathematical Analysis", Johns 
Hopkins Press. Pages 'i3=)15. 


Lamb, H., “Hydrodynamics” (Sixth Edition), Dover Publications. 
Pages L02, LOk=b15. 


"On Waves" British Association Report 18h. Page 459. 




















"HG Laeske OPES 
JL 220 2 
iT NOV 72 ‘= 





iG 
a aa it 
- afl a east! 
( 60.5 LETTERNIG 
case Te) 


MNT SST 
na ea 











